ELECTRICAL MEASUREMENTS AND THEIR INDUSTRIAL APPLICATIDNS 



THE BUTTERFLY CIRCUIT* 


• AT HIGH RADIO FREQUENCIES tran.siniKsi<»ii lines have 
lR‘en for a long time to |MTform the funetions of n^sonant cireiiits. 

In the n‘gion near rewmanee, tlie curve of line iinp<Mlance as a function 
of frequency has the same sliajie as the resonance curve of a circuit with 
lumped constants. The equivalent Q de{jcn<ls iqK)n the fn‘quency, U|>oii 
the configuration of the line, ami u|Hm the materials us«‘d. For a con¬ 
centric line, for instance, with optimum ratio of outside to inside diam¬ 
eter of 3.6, with cop|)er conductors and air dielectric, Q is approxi¬ 
mately O.lOV/where/) is the inside diameter of the outer conductor in 
inches and/ the frequency in cycles |R‘r S4M’ond. Smdi a line has approxi¬ 
mately 75 ohms characteristic impedance and, for an inside diameter of 
1 inch, has a Q of 1000 at 1(K) Me. Off resonance, transmission lines are 
reai^tances, but they change somewhat differently with frequency than 
do coils ami condensers. 

Vi hile transmission lines have Wen us<‘d at nuKlerately liigh fre¬ 
quencies mainly to obtain su|K?rior |M*rformam*e as expressed by high 
values of they have seemed to be the only practical means of tuning 
at still higher frequencies. 11 has been assumed that conventional tuning 
devices were of little use at frequemdes over a few humlrc<l megacycles, 
ami so concentric lines have generally been adopte<l. ITieoretically, 

*l*alrnl ap|ilir«l f<tr. 

t'ici RK I. 55-'WK) Mr TA aveincter. Ailap- Ficcre 2. Contact type tuning unit 

tution of CToincntioiial timing coniiciiscr. for 60 1)60 Me. 
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llu’se liiu‘8 ar4? vcrx siiilahic for I ho in- 
tonih‘il |Mir{M>s4*. hiil in praolu'o tlioir 
IHTforinaiKv has not l>eon t*oin|ilotel\ 
salisfaolor>. 'Phis is onliroly to mo- 
ohaiiioal (lifTit'iillios. Inil thus far no 
sini|»lr s(»hihon to thoin has l»oon foiitnl. 
'Pho prohlrm involvod is inoroly that 4)f 
ohaii^ing tlw lon^lh of a lin<* h> aoon- 
ratoiy known aiiioiiiils without intro- 
(hirin^ loss4*s anil orratir variations. In 
soino a|i|»lioutions thr ohangos n‘i|iiiroil 
an‘ snialh anil aotiial oontaot with tho 
lino ooniliiotors oan 1 k‘ avoiiloil, hut 
sliiling oontaots an* roi{iiir(Ml if tho tun¬ 
ing rango is largo. In aihlition. tho 
motion is onlinarily ilorivoil from a loail 
sorow of oonsiilorahlo longlh, whioh is 
ilifliriilt to manufaotiiro with siiflioiont 
aooiiraoy. 

It soonioil ilesirahlo, ihoroforo, to in- 
vostigato again tho (lossihility of oirouits 
with hini|M‘il paramotors, whon* liming 
ovor wiilo fn*i|uonov rangos ooiilil 
ai‘hio\oil hy rotating ono niomhtT with 
ros|M*ol to anothor anil to s«»o if sliiling 
oontaots ooiilil Im* oliniinatoil. 

Contact-Type Tuning Units 

Tho first stop of this ilovolopnioni oan 
ho soon in tho wavomotor shown in Pig- 
iiro 1. \ ooiivolitional tuning ooiulonsor 

riolKta. Mr. W avrnirtrr. KimI tj 

stator Itunil roiiiirrlnl to rotor. 


anil a singlo-turn iniliiotor oonsisting of a 
molal hanil fastonod to a ooramio ring 
aro moiintod ooaxially. TTio stator of tho 
oonilons«*r is oonnootoil to ono oiiil of tho 
molal hand, and a molal hriish on tho 
oondons4-r rotor shaft tiiakos oontaot with 
tho hand. T'ho hand oovors an aro of 
270°, oorros|H>nding to tho rotation of tho 
ooiulonsor, and tho longlh of tho hand 
Ik*! wool! rotor and stator inoroasos with 
inoroaso of t'apaoilanoo. TTto Ittnod oir- 
oiiil oonsists of a oapaoilanoo variahio 
from 12 to K.l ggf and an indiiotanoo sar- 
iahlo from 11 to 00 om. It oovors tho 
rango from 5S to MM) \Io. KosonaiUM* is 
indioatoil hy an inoandosoont lamp or a 
small glow tilin' oarriod on tho rotor arm. 
\ transparont housing and a oalihralod 
dial oomploto tho wavomotor. Tho rango 
ootild In* oxtondod to lowor fn'ipionoios 
hy adding Itining-oondonst'r capaoitanoo. 
hut the top frotpioni'v is limitod hy iht* 
minimum (‘apa<‘itanoo of tho oondonsi'r 
and hy tho relatively largo indiiotanoo of 
the oonnootions to tho metal hand. 

To inoroas#' tho top froipienoy ohlain- 
ahlo in a oiroiiit of this kind, tho tuning 
oondons4'r must In- roplaood hv a more 
siiitahlo striiotiiro, and tho oonnootions 
to the hand must In' shorlonod. 'Pho now 
oiroiiit shown in Figiin* 2 has little ro- 
s4'mhlanoo to tho wavomotor of Kignro I. 
hut tho hasio striiotiiro is still tho same. 
T'ho oapaoilanoo of this unit, whioh has 
an inside hand diamotor of 2^.| inohos. 
varies iM'twoon 7.1 and 118 ^"<1 )ho 

indiiotanoo In'Iwooii 7.8 and .V) om., giv¬ 
ing a froipienoy rango of hf) to h()0 VIo. 
T'ho law of indiiotanoo \ariation is do- 
torminod hy the design, hiit tho fro- 
ipionoy dislrihiition oan In' ohosi'ii hy 
shaping tho oondonsor plates. T'ho plates 
shown in Pigiiro 2 give a straight-lino 
logarithmio froipienoy soalo, whioh is al¬ 
ways dosirahio for an instriimont oo\or- 
ing a wide froipienoy rango. 

I U>pyri(fat. 1944, ((ntMeral Hadiu (liAOipauy 
Oambridirr. .\1a«a . IJ. 8. A. 
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Tua UK I. Tiinin*: iiiiil uitlHuil cnmlarlh fiir 
MM) I2(M) Mr. 


'I'lu* uiuis<*<l part of tlu* iii<liirlanrr 
l>aii<l« projecting Im'voikI the |K>int of 
eoiitaet, is closely coupled to the tuned 
circuit ainl resonates at a hijih freipiency. 
The end of the hand is usually <M)nnected 
to the rotor to keep the resonant fre- 
queiu'y outside the range of the tuned 
circuit. 'Fhis connection can Ih‘ seen in 
Figure 3 on a 400 to l()00 \lc \\avemeter 
of somewhat different design, in which 
the capacitance is varietl !)> an eccentric 
huh of the rotor. 

'Fhese wide-range circuits are very usi*- 
fid for many pur|M>ses, hut they still have 
sliiling contacts which recpiire a certain 
amount of care to iiisun^ low losses ami 
trouble-free ojieration. To avoiil these 
diniculties. the contact spring can be re¬ 
placed by a capacitive contact memher, 
hut suppression of resonam^e effects by 
shorting the end of the hand to the rotor 
is then no longer effective. (Consequently, 
the top frequem-y of the cin’uit has to he 
lowered, and. since the bottom freipiency 


is raised owing to the siTies capaiMtance 
of the contact, the tuning range is re¬ 
duced considerahlx. 

Tuning Units Without Contacts 

A iliflerent approach to the problem is 
shown in Figure I. In all the circuits dis- 
cuss<‘d so far the highest resonance iiii- 
|>edam‘e was develo|HMl between a point 
on the rotor and a |M>int on the stator. In 
the new circuit, the smni-butterlly cir¬ 
cuit, so-called because of its relation to 
the butterfly circuit shown later in Fig¬ 
ure 9, the highest ini|»edance ap|M*ars Iw- 
Iween two points on the stator. The 
plates of the semi-butterfly <-ircuit are 
shown in four different {>ositions in Fig¬ 
ure .5. The stator consists of a semi¬ 
circular band connecting two pairs of 
sectorially sha|KMl plates. 4'o change 
from the lowest freipiencv position 
shown under / to the highest frcqiiencx 
{Kjsition shown under />, the rotor is 
turned through IfltT. In |H»sition 4 the 
4*apacitance between points I and 2 on 
the two stator {dates is at maximum. In 
{losition li the ca|>a(‘itance is almost at 
minimum and changes onlv slight I v un¬ 
til {losilion I) is reai’heil. 'Flic iiidiu'tancc 


Fici KE 5. Stut4>r unit rolor platrs iif S4>tiii- 
hiilterfly (‘iroiiit. (!a|»acitance and iiiductaii«‘c 
hctwecii points I and 2 4»n tin* stator an* at 
niaxiniiim in \ anil at ininiiiiiini in i). 
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KigI'KK 6. tMH*lion of liijttrrily oirriiil 

with tliffiTml lyiH^ of dejtign.'ITir (loij|iU*-«*rix^> 
hatrlicd MH*tion repr«*»onti» the indiirtanre hand. 

between points 1 and 2 is likewise at 
maxiniiini in (losition .i and changes to 
iiiininiiirii over {Kisition H ami f ’ to |n)- 
sition n, 'riie change in indiictarn'c of the 
HMiiicircidar hand is l)roiiglit about as 
the rotor gradually fills up the 4»|M‘ning 
of the indiictam'e haip. In the final |k>* 
sition />, lines of inagnetic flu\ are n‘- 
slrieted to the small clearance In'tween 
rotor and stator. 

Fict'KK 7. I00-5IM) Me Oscillator. Indiit'tivc 

(*ou|>ling to the load is varied hy rotation of the 
coupling liN>p in lower part of the picture. 


A 



In this design, wide tuning range with 
siinultaneoiis change of liim|NMl capar> 
itance and indm-tam’e is olitained hy 
rotation of a iiieiidN*r that does not re* 
ipiire any ele«*trical <‘onnections. The 
rotor shaft can Ik^ inatle of insulating ma¬ 
terial, and the How of ratlio frecpiency 
currents through the hearing.s of this 
shaft is easily avoided. \ cross section of 
the unit of Figure 1 is slH»wn schemat¬ 
ic-ally in Figure 6 f. 'Flic rotor is a solitl 
hliM'k. The stator 4-arries a pair of plates 
on each eml of a c-ircidar hand. The cross 
section of the hand <-<»rres|>onds to the 
<Toss-hatched area. The n^sonant fre¬ 
quency in closed |M>sition, corresjamtling 
to Figure 3 f, is changcvl most cfTectively 
hy a c-hange in si/x-. (lapat-itance ami in- 
dm*tance increasi*. and frequency de- 
creas4»s. approximately with the sqiian^ 
of the diameter. 'Fhe resonant frecpiency 
in the o|mmi |M>siti4»n. corres|N»nding to 
F'igure 5/). do«‘s not vary as rapidly, and 
the tuning range, then*fore, increases al¬ 
most pro|N>rtionately to the diarnetc^r. 
At any given diaim-ter the frequem-y 
range can Im* shifted hv variations in de¬ 
sign. Figure h/f slums a unit in vshicli 
capacitance- and imluctam*(‘ have la-en 
increasecl liy the adclitimi of plates and 
liy reducing the width of the hand. Fig- 
un* tyC is the corres| Minding high- 
fre«picncv unit with lowen-d capacitam*<‘ 
and indiictam-e. 

The law of inductance variation again 
is determined hy the geometry of the de¬ 
sign. In general, the imliictance varia¬ 
tion will he considerably smaller than in 
the circuits with sliding 4*ontat^s ami 
will Ik- further reduc4-<l if the rot<»r plates 
are sha|M-d t<i provide a predetermined 
frequency distribution. 'Fhe loss of tun¬ 
ing range, the pri(*<- that has to Ik- paid 
for a de.sirahle frt-cpiency distribution, is, 
therefore, much higher in the hiitterHy 
circuit than in a conventional tuning 
<-on<lcnser. 
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A furllitT niodiiirahoii lhal yields a 
lower />/C ratio is used in the 100 to 
.■>00 Me oseiilator shown in Figure 7. 
This eireuit uses 120° seetions for I lie 
stator plates and a 240° seetion for the 
rotor. The rotor turns through 120°. 

It is iin|>ortant to keep in mind that 
I he tuning deviees deserilied so far are 
I wo-terminal iiujiedanees only. These 
two terminals are designated 1 and 2 in 
Figure 5. No point on any of the eir- 
euits inaintains eleetrieally its |K)sition 
relative to these terminals over the tun¬ 
ing range, in the sense, for instamre, of a 
lap on a eoil w ilh respect to the ends of 
the winding. In Figure 5, the point 3, 
midway electrically between the ter¬ 
minals, is symmetrically located only in 
the two extreme positions ./ ami I) and 
shifts toward terminal 2 for intermediate 
settings. Idle potential of the rotor is 
midway lie tween points 1 and 2 in po¬ 
sition .4 and />hul shifts toward terminal 
I for intermediate sellings. 4’his fact is 
an im|K>rtant consideration in all appli- 
<*ations. 

Any point of the circuit can Ik‘ con¬ 
nected to ground, hut it is convenient at 
limes not to make any definite connec¬ 
tions. 'I’his might 1 m‘ desirable in an os¬ 
cillator circuit, for instance, where plate 
and grid of a IiiIm* ar<‘ connected to the 
two terminals ami where the cathode is 
groiimleil. 

Fi«;t'RK 8. Stalor amt n»lor plates of iMitlerll 
points I ami 2 on the stator are at in 


The optimum method of coupling a 
load to the circuit de|)ends upon tin* 
ground arrangement. If one terminal is 
grounded, eleciroslatit* coupling is most 
convenient. When the circuit is left 
floating, electromagnetic coupling is 
more desirable. 14ie only |M)inl where 
effective magnetic coupling over the en¬ 
tire tuning range can lx* obtained is 
shown as |H)int 4 in Figure 5. The oscil¬ 
lator shown in Figure 7 us4‘s this ly|K‘ of 
cotipling. By rotating the coupling loop, 
the amount of cotipling can lie varied 
without disturbing the ^‘‘floating groumF’ 
condition of the oscillator. 

The Butterfly Circuit 

A (‘crtaiii amount of electrical smii- 
metry can lx* obtained by a modifica¬ 
tion suggested by Dr. A. I*. (». IVlerson, 
whereb) two circuits are o|x‘ned up and 
connected in parallel. The n‘sult is the 
hulterfly circuit shown in Figure 8, 
which received its name from the sha|x* 
of the rotor. 

Figure 8./, /T, (\ and I) correspond to 
the |x>silions shown in Figure 5. Points 
3 and 3' are the electrical inidfHiints Ix*- 
tween terminals 1 and 2, and |x>ints land 
f'are the lix*ations for magnetic coupling. 

Flectricall\ the rotor of a hutterllN 
circuit is always the mid|H>int Ix^tween 
terminals I and 2, and the rotation lx*- 
tween extreme positions is d0°. iih 

circuit. C'apacitaiice ami imliictancc Itctuccn 
iximiim ill \ ami at rniniiniim in I). 
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Tu;. <>. (U fi) 
220-1100 \\v 
l>iilt<Tlly ('intuit 

with trrniiiiairi 

for Type 703 -A 
(liHir kiioh ty|M* 
til hr. 

Tig. 10 . (Hi;:lii) 
KMr 2(MI Me 
hiittcrfly drciiil 
of lielenMlyrif 
fre<|iu*iicy meter. 


lliPrtP exrt*|»lions, llip in ihe 

paru^raplis can lie direftly ap¬ 
plied lo the Inillerfly eireuil. 

rif^tire 9 slious a 220 lo 1100 \lc o.s- 
1 ‘illator iinil inleiitled for ust* with a 
d’Yi»K 703-A door-Liioh t>|M‘ lida*. (]rid 
and plale (erniinals of this Inhe (it into 
the spring rlips provided on the two 
si a I or .seel ions. Figure 10 is the elo.se-up 
view of the 100 to 200 \le o.seillator of a 
heterodvne freipiene> meter. 'I’he rotor 
plates are sha|H'd and provide a loga- 
rithmie freipienev distrihiition. 'Phe 0.38 
aeorn-tv |k‘ oseillator tiilK* ran he seen in 
the rear, (irid and plate are eonneeted to 
exiensioiis of the two stator seetions and 
I he eathode is eonneeted direetly to the 
housing. Figure 11 shows the smallest 
hntterdv eirenil hiiilt so (ar, together 
with an aeorn tube and a l»K 1N22 
Deteetor. 'This eireuit has a timing 
range of 000 to 3000 \le. 

Design of Butterfly Circuits 

It v\as mentioned in the introdiietion 
that the eipiivaleiit Q of a n‘sonant 
transmission line is of the order of 
0.1/I\ /. \ quarter wave line eovering 
the range from 220 to 1100 Me would Ik* 
about 13^ inehes long and might have a 
diameter of 2 inehes. The theoretic'al Q 
would he 3000 at 220 Me and 6700 at 
1100 Me. To eover this freipieiiey range, 
the length of the line vnouIiI have lo Ik* 


varied by over 10 inehes. The eireuit 
shown in Figure 0 with 2J/^ inehes out¬ 
side diameter eovers exactly this range 
with a Q of 650 at 220 Me and of 300 
at 1000 Me. 

While the losses in hutlerflv eireuils 
cannot Ik* made as low as in concentric 
lines, values of Q can Ik* obtained that 
are sudieienl for many applications. The 
eharaeleristies of the biitterdv e.inmit 
shown in Figure 0 are given in 'I'ahle I, 
together with the variation in ihesi* 
eharaclerislii*s that can generally he ob¬ 
tained by varying design factors. In the 
third eohimn, n is a factor l)elween 1.5 
and 3.5, de|M'nding on design and siz<*, 
with the lower values applving for 
smaller units. 


TABl.F I 


('in itil of Fifiitrr U 
Low lli^li 


Frrqiioiu'V 

Iiuliietaiii'c* 

(iapaoitaiiec 



\ L C _ 

Z^Q\ I C 


220 I too Me 
O.OII -n.OOtl /ill 

W - .Y /i/uf 
()50 - m) 

0.023 - 0.00.3 S2 

15.2 -28.6 12 
08(K» - 8600 12 


In (ivnrrni 
Low lli^li 

I - k’ 

I - /I ' 

I - fr» 

I /|-‘ 

I - 

I - n 
(loiiKtaiit 


The maximum induetance of buller- 
dy circuits in the elost*d position can be 
eompiiled by any of the standard in- 
diietanee formulas by taking ^ of the 
inductance of the full ring and multiply¬ 
ing by a factor of 1.35 to allow for the 
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contriliution of the stator and rotor 
plates. For iiislanee, 

L = 1.35 X il X 


(t.l»12r>7r ^In 


Mtr 
t + U' 




10 ‘‘‘ henry8 


or 

/„ = 2.12r(ln ^ — 2^ rentimeters 

\ / -f ir / 

Another fornuila siijjj^ested hy I^r. 
A. P. (i. Peterson that fiives fairly ae- 
curate results is 

/. = 7 (r’ - r.’) X 

o 


-1- —centimeters 

r + fc >/ r* - ri»J 

where r is the inside radius of the haml, 
n is the outside radius of the rotor huh, 
and t and ic the thickness and width of 
the hand, all in centimeters. 1'he min¬ 
imum inductance de|M‘nds to a ^eat de¬ 
gree on the clearance lM*lween stator and 
rotor along the circumfenuu’e of the 
hand and the clearance iM^ween the 
radial plate edges. 'Fliis latter clearant'e 
<‘annot 1 m* reduced very far without add¬ 
ing capacitance* and lowering the top 
freepiency. In general, the ratio of max¬ 
imum to minimum effective inductance 
will Im* l»etween 1.5 and 3.5. The highest 
ratio actually obtained has l>een 1.6. 
This circuit hail a hand diameter of 5*4 
inches and 1 16 inch clearance to the 
rotor. In this particular case the 4*apac- 
itance ratio of the 1 1-plate unit was 
22 — the frequency range 17 170 Vic. 

Maximum and minimum capacitance 
of a hutterlly circuit can 1 m* computed as 
in a vuriahle air condens4*r, hut, ow ing to 
the hutterlly sha|M‘, capacitance ratios 
are considerably less than in well- 
designed conventional tuning condensers. 
Figure 12 shows inductance, capacitance, 
and frequency plotted against dial rota¬ 
tion for the 220 to 1 lOtl Me hiitterfly 
circuit of Figure 0. 



Ficcrr 11. <MK1-.T0(HI Mr liiiltrrfly rirriiil. 
Ai'orn IiiIm* ami IN22 <lrlr<’|or urr hIkih ii for 


One effect of changing the numlM*r of 
plates deserves s|M*cial mention, al¬ 
though it has not lM*en fully explored. 
As ex|^»ected, the ratio of maximum to 
minimum capacitance increases with the 
addition of plates and the inductance of 
the stator decreas4*s due to its increased 
width (designs where the hand differs 
in width from the stator, as shown in 
Figure 6/f and Figure (}(! have only 
rarely lM*en used in practice). For very 
low numLK*rs of plates, the inductance 
can decrease more rapully than the inin- 
'imiim capacitance increases, and a but¬ 
terfly circuit with four plates, for in- 
stan<*e, may have a lower low- and a 


Fict’HK 12. 1., C ami f variation of unit r*liov«n 
in Fijfiirc 9. 
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hifllKT lii»h-fr«*qiR*nry limit than with 
two filalrs. As fiirlht*r plains are added, 
tlie raiijie is shifted to lower frequencies 
and the span slightly increast'd, hut soon 
odd inodes of resonance ap{>ear that 
were not previously observed. These 
modes are not always noticeil in osciU 
lator circuits where a single dominant 
frequency is prodiiceil, hut they are 
easily found l»y other methods. It ap- 
|H*ars that these modes can he sup- 
presseil or at least <*an Ik‘ shifted hy ad¬ 
ditional shorting connect ions In* tween the 
individual plates of the four groups of 
plates. Two <‘onne<‘tions can In? applied 
at the inside of the stator and two at the 
outside of the rotor on the railial edges 
of the plates vs here they do not interfere 
with the rotation of the rotor. In prac¬ 
tice, shorting of the plates can he 
avoided hy using a larger unit with fewer 
plates instead of a small unit that re- 
ipiires too many plates to cover th<* de¬ 
sired frequency range. 

"I’he equivalent series resistance of a 
hutterlly cin*uit increases linearly with 
frequencv and reduces (J at the high- 
frequency emi. where the Q of a trans¬ 
mission line is incn*ased. 'riiis increase in 
equivalent resistance is due to the fact 
that the <‘hange of inductance in the 
hutterlly circuit is brought about hy 


eddy currents in the rotor and not hy a 
reduction of conductor length. Addi¬ 
tional losses (originate at the jiitu'tion of 
the indiK'tive and capacitative parts of 
the circuit where currents pass from mie 
plate to another in a direction |)er|N*n- 
dicular to the plates. Three methods of 
stator construction with individual plates 
and spacers are shown in Figure l‘h 
From anelectrical point of view. Method 
A ap|H*ars to he the lM*st. Method H has 
the advantage that the rotor can In' oIi- 
s('rve<l through the slots in the statiir 
ami can he centered after assembly. 
Method C may In* desirable in e\|N*r- 
imeiital work since it uses parts that can 
In' obtained more easily without s|)ecial 
tools. For lowest losses stator and rotor 
should he soldered after assi'inhly and 
[dated with a material of high conduc¬ 
tivity. Dielectric losses can In' almost 
<*om|>letely avoided in butterfly circuits, 
if two supports are used. [)laced at the 
two points of eipial potential corre- 
s|M)nding to 3 and .3' in Figure 8 -/. In 
practice, however, the supports are 
often placed at other points, more de¬ 
sirable for mechanical reasons, and on 
large units three supports may In' re¬ 
quired. It is interesting to note that, in 
the circuit shown in Figure 9, about 
of the 0.023 12 equivalent series resist¬ 
ance, measured at 220 Me, is accounted 
for by the metallic losses in the silver- 
plated inductance baml. 

'Fhe resonant im|N‘dancc of butterfly 
cintiiits is well within the range of plate 
resistance of vacuum tubes and changes 
very little from the low to the high fre- 
(pieiicy emI. 'Phis makes it [N>ssible to 
produce uniform ostdilations over the 
timing range. 
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